In vitro culture of Plasmodium falciparum gametocytes is essential for studying sexual development of the parasite. Here we describe a simple method for producing synchronous gametocyte culture without contamination of asexual stages. This method employs heparin's activity in blocking merozoite invasion of erythrocytes to eliminate asexual stage parasites from gametocyte culture. We show that following induction of gametocyte formation, addition of heparin in culture medium for four days effectively eliminates asexual stages and produces pure, synchronous cultures of gametocytes. Compared with the commonly used N-acetylglucosamine treatment method, heparin treatment requires shorter time to eliminate asexual stages and causes significantly less hemolysis in late stage gametocyte cultures.
Introduction
The life cycle of the human malaria parasites involves two hosts, Anopheles mosquito vectors and humans. The parasite sexual stages in the human blood, or gametocytes, are essential for continued transmission of the parasites to the mosquito vectors Graves, 1988, Sinden, 1983) . Because sexual development is obligatory for the life cycle, it is the target of transmission blocking vaccines and drugs. Although systems for in vitro culture of Plasmodium falciparum gametocytes have been established a long time ago (Ponnudurai et al., 1986 , Ponnudurai et al., 1982 , studies on gametocyte stages have been relatively slow, which is largely due to difficulties in procuring sufficient amounts of materials from in vitro cultures. During asexual multiplication of P. falciparum in erythrocytes, only a small proportion of the parasites initiate sexual development to produce gametocytes, and it takes approximately 10 days for gametocytes to reach maturity. Therefore, two important goals for in vitro culture of P. falciparum gametocytes are to increase the gametocytogenesis rates and to achieve higher levels of synchrony in gametocyte development.
Although the exact mechanism of gametocytogenesis remains poorly understood, it is often thought as a stress response of the parasite to deteriorating conditions in the infected blood. The observation that spent culture medium stimulates sexual development (Carter and Miller, 1979 , Dyer and Day, 2003 , Williams, 1999 ) has led to the inclusion of spent medium as one of the conditions to induce gametocytogenesis (Fivelman et al., 2007) . A recent, improved gametocyte culture method using conditioned medium is able to induce high-level gametocytogenesis with relatively good synchrony (Fivelman et al., 2007) . Asexual erythrocytic stages are eliminated in order to obtain pure gametocyte culture. Depletion of asexual stages also improved the synchronization of gametocytes (Fivelman et al., 2007 , Saul et al., 1990 ) and elevated gametocytemia (Roncales et al., 2012) . Petmitr et al. used 5% D-sorbitol treatment for two consecutive days, which could reduce ~97% asexual stages (Petmitr et al., 1995 , Petmitr et al., 1997 ). Yet, this method is not able to eliminate all asexual stages (Saul et al., 1990) , probably because this sugar could only selectively lyse the trophozoite stage. To date, the most commonly used method to remove asexual stages is to supplement the gametocyte culture medium with 50 mM N-acetylglucosamine (GlcNAc) (Fivelman et al., 2007 , Ponnudurai et al., 1986 . For complete removal of asexual stages, GlcNAc is added from the time of gametocyte induction and continued for at least five days (Fivelman et al., 2007) . The function of GlcNAc in eliminating asexual stages may involve both toxicity to asexual stage parasites and blocking activity of erythrocyte invasion. At <20 mM, asexual parasite development is normal, and the growth inhibitory effect of GlcNAc is mainly due to blocking merozoite invasion (Gupta et al., 1985 , Jungery et al., 1983 . It has been found that BSA-coupled GlcNAc is >100,000 times more effective than GlcNAc alone in blocking parasite invasion (Jungery et al., 1983) . At 50 mM, GlcNAc is toxic for trophozoites and schizonts without affecting gametocyte development (Gupta et al., 1985 , Ponnudurai et al., 1986 . To obtain pure early stages of gametocytes, treatment with 5% sorbitol is recommended. However, timing of the treatment is critical, since asexual ring stage parasites are not affected by sorbitol, but early gametocyte stages can be vulnerable to sorbitol treatment (Fivelman et al., 2007) .
Interactions between malaria parasite-derived proteins and host cell surface proteoglycans such as the blood group A antigen, heparin sulfate (HS)-like glycosaminoglycans, and chondroitin sulfate are involved in parasite invasion (for both sporozoites and merozoites) and responsible for rosetting and adhesion of infected red blood cells (RBCs). A number of glycosaminoglycans and sulfated glycoconjugates have been reported to interfere with rosetting and adhesion and are potential therapies for severe malaria (Rowe et Heparin has a higher degree of sulfation, and thus, is very effective in blocking merozoite invasion regardless of the invasion pathways used by the parasites . It has been found that heparin interacts with C-terminal 42 kDa processed fragment of merozoite surface protein 1 (msp1), a molecule that is essential for merozoites invasion . Here, we sought to employ the activity of heparin in blocking merozoites invasion of erythrocyte to eliminate asexual-stage parasites from gametocyte culture. We show that adding heparin in the culture medium for four days allows us to obtain pure cultures of synchronous gametocytes even at early developmental stages.
Materials and methods

Chemicals
GlcNAc and heparin sodium salt from porcine intestinal mucosa were purchased from Sigma (St. Louis, MO). Stock solutions of GlcNAc and heparin were made in water at 500 mM and 20 units (U) / l (approximate 100 g /ml), respectively. The heparin unit is a measure of the anticoagulant property of a given heparin product as it acts on antithrombin III. One unit is defined as the amount of heparin required to keep 1 ml of cat's blood fluid for 24 h at 0°C (Ferro et al., 1990 ). Prior to gametocyte culture, complete medium was prepared to include either heparin 20 U/ml or GlcNAc at a final concentration of 20 U/ml and 50 mM, respectively.
Culture of P. falciparum
P. falciparum strains 3D7, NF54, Dd2, HB3, D10, 7G8 and 3D7-luc (a 3D7 transgenic clone with constitutive expression of the firefly luciferase (Cui et al., 2008) ) were cultured in type O + human RBCs in a complete medium supplemented with 10% AB human serum under an atmosphere of 90% N 2 /5% O 2 /3% CO 2 (Trager and Jensen, 1976) . Synchronization of the asexual stage culture was done by treatment of the ring stage culture with 5% D-sorbitol (Lambros and Vanderberg, 1979) . Gametocyte induction was performed following an established protocol (Fivelman et al., 2007) with some modifications. Briefly, synchronous parasites at the trophozoite stage were set up at a parasitemia between 2-3% in T75 flasks with 3 ml of fresh 50% RBCs in 50 ml complete medium at day -3. On the next day (day -2), 20-30 ml of spent medium was replaced by fresh complete medium to the parasite culture (~10% parasitemia at ring stage). Stressed schizont cultures (day -1) including spent medium were transferred into T225 flasks with fresh RBCs and complete medium to 3% parasitemia and 5% hematocrit. Fresh complete medium were changed daily and Giemsastained smears were examined to monitor development for 12 days.
Inhibition of RBC invasion by heparin
To confirm the inhibitory effect of heparin on the invasion of RBCs by P. falciparum merozoites , synchronized parasite culture of late ring stage at 1% parasitemia was incubated in a complete medium with heparin at serially diluted concentrations. Parasite growth at 48 h later in the next cycle was quantified, which should reflect the efficiency of parasite invasion. For the 3D7-luc parasite, parasite lysates were prepared and luciferase activities were measured as described (Cui et al., 2008) . For other strains (3D7, NF54, HB3, D10, 7G8 and Dd2), parasitemia was determined by the SYBR Green I method (Smilkstein et al., 2004) . Each treatment had three biological replications.
The 50% maximal inhibitory concentration (IC 50 ) was calculated using the GraphPad Prism software (La Jolla, CA).
Depletion of asexual stage parasites in gametocyte culture by heparin
Gametocytogenesis was induced by the aforementioned method (Fivelman et al., 2007) . The culture was split into two aliquots on day 0. In one aliquot, the culture medium was replaced with the heparin (20 U/ml) medium from day 1 for 4 days, whereas in the other aliquot the culture medium was replaced with the GlcNAc (50 mM) medium from day 1 for 5 days. Parasitemia (asexual and sexual stages) was enumerated daily by counting about 10,000 cells on thin smears of culture until day 12. Three biological replicates were performed. To determine whether heparin treatment could synchronize sexual development, 10 ml of culture from both treatments on day 4 were layered on a Percoll gradient (35% over 75% Percoll) to enrich gametocytes. The percentage of stage II gametocytes was counted from 1,000 parasites to determine the degree of synchrony of the gametocyte culture.
Determination of hemolysis in gametocyte culture
Aliquots of 100 l culture medium from gametocyte culture treated with either GlcNAc or heparin were collected from day 7 to 12. The concentration of hemoglobin in the culture medium was analyzed using the Drabkin's reagent with a hemoglobin standard (Sigma) as the reference (Drabkin, 1946) . The experiment was done with three biological replicates.
Statistical analysis
We used two-way ANOVAs to test for statistical differences between treatment groups (heparin and GluNAC) and days for gametocytemia, parasitemia, and hemoglobin levels. We used Bartlett's tests to look for significant differences in variances as well as ShapiroWilk normality tests to test for normality of the data. The parasitemia and hemoglobin data were non-normal. We then used a Box-Cox transformation and found that logtransformations made the data normal.
Results
Heparin inhibits erythrocyte invasion of parasites at low concentrations
Heparin has been found to effectively inhibit merozoite invasion of several genetically different parasite lines (3D7, W2mef, D10, E8B, XIE, HCS3) . To confirm this finding, we performed in vitro invasion inhibition using the SYBR Green I assay on additional parasite strains (NF54, HB3, 7G8 and Dd2). The results show that the IC 50 values of heparin in the six strains tested were all within a narrow range of 1-7 U/ml ( Figure 1 ). The IC 50 value for 3D7 was similar to that estimated in the earlier study (3.8 U/ ml) . The invasion inhibition assay was also performed in a transgenic P. falciparum line expressing luciferase (3D7-luc) using a more sensitive bioluminescence assay (Cui et al., 2008) . The IC 50 value of heparin in 3D7-luc from the luciferase assay (1.09 ± 0.07 U/ml) was much lower than that from the SYBR Green I assay (Fig. 1) . Taken together, heparin inhibits parasite invasion of RBCs at low concentrations. Accordingly, we used the 20 U/ml heparin concentration to eliminate asexual stages in gametocyte cultures. It is noteworthy that 30 U/ml of heparin showed no adverse effects on parasite growth (Boyle et al., 2010).
Heparin clears asexual-stage parasite more rapidly than GlcNAc
We compared the effect of heparin and GlcNAc on gametocyte culture for the elimination of asexual stages. After induction of gametocytogenesis, 3D7 gametocyte cultures were incubated with 20 U/ml of heparin for 4 days or 50 mM GlcNAc for 5 days. Asexual stage parasitemia and gametocytemia were determined daily. The daily gametocytemias between heparin and GlcNAc treated cultures were not significantly different (P = 0.533) ( Fig. 2A) , suggesting that both compounds have no obvious negative impact on gametocyte development. Daily asexual parasitemia indicated that heparin treatment cleared asexual stages more efficiently than GlcNAc (Fig. 2B) . Heparin treatment for three days completely eliminated asexual stage parasites from the gametocyte culture. In addition, stage II gametocytes on day 4 accounted for 87.3% total parasites from heparin treated culture versus 84.7% from GlcNAc treated culture, suggesting that heparin treatment could achieve similar levels of synchrony of gametocyte development (Fig. 3) .
GlcNAc causes higher levels of hemolysis
Certain degrees of hemolysis are observed during the lengthy culture of P. falciparum
gametocytes and it appears to be more severe in GlcNAc treated culture. To quantify this event, we measured the concentrations of hemoglubin in the medium of gematocyte culture from day 7 to day 12. The results showed that the hemoglobin concentrations in culture medium were significantly higher in GlcNAc-treated cultures than heparin-treated cultures (P <0.0001) on day 9, 10, 11, and 12, suggesting that GlcNAc increased hemolysis (Fig. 4) .
Discussion
Heparin is a commonly used anticoagulant, and a potential therapy for severe malaria because of its anti-adhesion activity (Rowe et al., 2009 ). Heparin has recently been found to interact with the MSP1 molecule during the P. falciparum invasion of RBCs ). Here we employed the invasion-blocking activity of heparin for clearing the asexual stage parasites to obtain pure synchronous gametocyte culture of P. falciparum. We found that treatment with 20 U/ml of heparin for four days after induction of gametocytogenesis could completely eliminate asexual stage parasites without obvious negative effects on the developing gametocytes.
The commonly used method for removing asexual stages during gametocyte culture is GlcNAc treatment. The recommended treatment regimen is 50 mM GlcNAc for five consecutive days after gametocyte induction. However, with this method it is difficult to obtain highly pure parasites at early gametocyte stages. The higher efficiency of heparin in eliminating asexual-stage parasite than GlcNAc provides a better way to procure pure early stage gametocytes. Whereas both treatments do not apparently affect gametocyte development, GlcNAc is associated with higher levels of hemolysis at later stage gametocyte culture. Based on this finding and the comparable gametocytemias between the two treatments, the actual number of gametocytes in a GlcNAc-treated culture should be lower than that in a heparin-treated culture. This also suggests that higher ratios of gametocytes might have been lysed at the late gametocyte stages in GlcNAc-treated cultures.
In conclusion, low concentrations of heparin (20 U/ml) added during the early stages of P. falciparum gametocyte culture for four days can effectively clear asexual stage parasite, which allows one to obtain pure, highly synchronized gametocytes, even at relatively early stages of gametocyte development.
Highlights
• Heparin can effectively block invasion of erythrocytes by P. falciparum merozoites
• Heparin is used to eliminate asexual stages and obtain pure gametocyte culture
• Heparin causes less hemolysis in late stage gametocyte cultures Heparin inhibits P. falciparum parasite invasion of RBCs. A response curve of 3D7-luc parasite line to the inhibitory activity of heparin measured using the luciferase assay. Inset: IC 50 values of heparin (mean ± standard deviation) for different parasite strains measured using the SYBR Green I assay. Images of Giemsa-stained gametocytes from heparin-treated gametocyte cultures to show the degrees of synchrony of the culture and morphology of gametocytes. Hemoglobin concentrations in the medium of heparin-or GlcNAc-treated gametocyte cultures. Asterisks indicate significant differences in daily hemoglobin concentration between the two treatment methods (* P < 0.01, ANOVA).
